[1] Recent observations by the Cassini Orbiter suggest that complex organic chemistry occurs in the upper atmosphere of Titan. To understand the role of EUV-VUV light in the complex organic chemistry of Titan's upper atmosphere, we investigate the formation of gaseous species from a N 2 /CH 4 gas mixture as a function of irradiation wavelengths from 50 nm to 150 nm. A N 2 /CH 4 gas mixture (= 95/5) at 0.066 mbar in a windowless photocell is irradiated using a narrowband synchrotron radiation source. The analysis of gaseous products by quadrupole mass spectrometry reveals the formation of heavy organics up to C 7 to C 8 by EUV light irradiation. In particular, the efficient formation of benzene and toluene is observed at wavelengths less than 80 nm, which is well correlated to photoionization of N 2 . In Titan's upper atmosphere, EUV radiation may play an important role in the formation of complex organic molecules through photoionization of N 2 . Citation: Imanaka, H., and M. A.
Introduction
[2] Active organic chemistry in the thick N 2 /CH 4 atmosphere of Titan leads eventually to heavy organic gaseous species and haze particles [e.g., Hunten et al., 1984] . The photolysis of N 2 and CH 4 molecules in the upper atmosphere by solar EUV-VUV radiation plays a major role in the initiation of subsequent complex organic chemistry. The Ion Neutral Mass Spectrometer (INMS) onboard the Cassini Orbiter has detected the remarkable presence of heavy neutral species up to C 6 in Titan's atmosphere at 1200 km altitude [Waite et al., 2005] . Although the complex organic chemistry in the upper atmosphere has been studied by several numerical models [e.g., Keller et al., 1998; Wilson and Atreya, 2004] , dominant formation mechanisms of heavy neutral species at such high altitudes are not well understood. Limitations in those numerical models are imperfect treatments of the formation of neutral species via dissociative recombination of ion species and the UV irradiation wavelength dependence of dissociation/ionization mechanisms of neutral species. Despite the importance of N 2 /CH 4 photolysis by EUV-VUV light, laboratory simulation of such photochemical processes has been largely limited to CH 4 photolysis at wavelengths longer than $110 nm [e.g., Á dámkovics and Boering, 2003; Trainer et al., 2006] . The roles of EUV-VUV light shorter than 110 nm and the role of N 2 molecules in the photochemical process remain to be answered.
[3] Most previous laboratory simulations investigating the complex organic chemistry in Titan's atmosphere can be mainly categorized in two groups of investigation; cold plasma irradiation of N 2 /CH 4 gas mixtures [Thompson et al., 1991; Coll et al., 1999; Sarker et al., 2003; Imanaka et al., 2004] and photolysis of simple unsaturated molecules, such as C 2 H 2 , C 2 H 4 , and HC 3 N, using a Hg UV-lamp (185 nm) [Podolak et al., 1979; Tran et al., 2005; Vuitton et al., 2006a] . However, it is not clear whether such cold plasma experiments exactly simulate the photochemistry occurring in Titan's atmosphere. Also, since N 2 and CH 4 are not directly dissociated at 185 nm, the low-energy photolysis experiment simulates the photochemistry in the lower stratosphere of Titan where photolysis of unsaturated species, which themselves are the products from the N 2 /CH 4 atmosphere, initiates further chemical reactions.
[4] The absorption cross sections and photophysical processes of N 2 and CH 4 molecules strongly depend on photon energy (Figure 1) . Thus, the subsequent chemistry might be very much dependent on the EUV-VUV irradiation wavelength. In this study, we focus on how the formation efficiency of heavy organics depends on the VUV irradiation wavelength and what are the relative roles of photoionization and photodissociation of N 2 and CH 4 in the subsequent chemistry. To achieve this goal, we have irradiated a N 2 /CH 4 (= 95/5) gas mixture by VUV photons in the wavelength region between 50-150 nm employing a windowless photocell, and the gaseous products are analyzed by quadrupole mass spectrometry as a function of the VUV irradiation wavelength. The neutral gaseous species produced at different irradiation wavelengths are compared, and the roles of N 2 photoionization by EUV irradiation in complex organic chemistry are discussed.
Experimental
[5] The experiments are conducted using a tunable narrowband synchrotron radiation source (Chemical Dynamics Endstation, 9.0.2) at the Advanced Light Source (Lawrence Berkeley Laboratory). A windowless photocell chamber of 100 cm length is attached at the end of the VUV beam terminal (Figure 2 ). The collimated VUV beam of synchrotron radiation is introduced to the windowless photocell through the apertures. The wavelength of VUV photons can be controlled from 50 nm to 150 nm, and has a bandwidth of approximately 1 nm. The photon flux is about 10 16 photon/sec and not significantly dependent on the VUV irradiation wavelength used in this study. The detailed description of the ALS beamline is found in previous literature [Heimann et al., 1997] .
[6] A gas mixture of N 2 /CH 4 = 95/5 is flowed though the windowless photocell at 0.33 sccm (cm 3 /min at standard condition) using a mass flow controller (MC-1SCCM-D, Alicat, AZ) while irradiating the centerline continuously with VUV photons at selected wavelengths. The steadystate pressure in the photocell under this condition is 0.066 mbar. Under this condition, most of the photons are absorbed at wavelengths less than 100 nm. As shown in Figure 1 , however, photons at wavelengths longer than 100 nm are only absorbed by the methane in N 2 , so that the percentage of absorbed photons is approximately 15%.
The experiments are conducted with different sizes of photocell, $12 liter (25 cm diameter) and $2 liter (10 cm diameter), which give typical residence times for molecules inside the photocell of 250 sec and 20 sec, respectively. The initial photoproduct will undergo multiple collisions with the parent gases and with other photoproducts during the photocell residence time before exiting through one of the apertures. The neutral gas species produced by photochemistry are analyzed using a quadrupole mass spectrometer (QMS) (CIS 200, Stanford Research System, CA) with electron impact ionization at 35 eV.
Results

Mass Spectra of Gas Species Obtained From a N 2 /CH 4 Gas Mixture
[7] In order to compare the role of photoionization and photodissociation of N 2 and CH 4 , we investigate in detail the gas phase products generated by VUV irradiation at 60 nm, 85 nm and 121.6 nm (Lyman a). As shown in Figure 1 , photoionization of N 2 is dominant at 60 nm, while N 2 dissociation and CH 4 ionization may occur with 85 nm photon irradiation. At 121.6 nm (Lyman a) irradiation, the photon energy is only enough to dissociate CH 4 , as well as organic products such as C 2 H 6 and C 2 H 2 .
[8] The mass spectra shown in Figure 3 are obtained from irradiation of the N 2 /CH 4 gas mixture at 0.066 mbar at wavelengths of 60 nm, 85 nm, and 121.6 nm. The photocell À11 Torr is merely used to suggest an effective noise floor for significant molecular presence. of 12 liters is used here. All other experimental conditions are kept the same. The background spectrum of N 2 /CH 4 flow without photon irradiation is also shown in Figure 3d . Those peaks at m/z = 40 and 42 can be considered as the argon impurity in the initial gas mixture and the N 3 + ion, respectively.
[9] At 60 nm irradiation, the formation of heavy organic compounds up to C 7 -C 8 is clearly observed. The measurement error in mass peak intensity is less than 1 -4 % in the m/z range up to C 7 . The presence of benzene and toluene is indicated by the peaks at m/z = 78 and m/z = 91,92 respectively. The formation of H 2 at m/z = 2 is a direct indicator of the extent to which CH 4 is converted to higher organic molecules.
[10] Even at VUV irradiations of 85 nm and Lyman a, the formation of heavy organics is observed. But those amounts are one order of magnitude smaller than in VUV irradiation at 60 nm. In the case of 85 nm irradiation, the formation of C 5 -C 6 is detectable. However, at Lyman a irradiation, the formation of only up to C 4 compounds is observed with a significant signal-to-noise ratio. The amount of H 2 with 60 nm irradiation is highest among all three mass spectra. Correspondingly, the depletion of CH 4 at the peaks of m/z = 15, 16 is larger at 60 nm irradiation than at the longer wavelengths. These results demonstrate greater efficiency for formation of heavy organics at 60 nm than at other wavelengths. This greater efficiency at 60 nm cannot be simply explained by the wavelength dependence of the CH 4 absorption cross section (Figure 1 ) and implies that the ionization of N 2 plays an important role in initiating complex organic chemistry.
[11] This VUV wavelength dependence in the formation of heavy species, however, could be simply caused by the difference in the total photons absorbed by the N 2 /CH 4 initial gas mixture (Figure 1 ). Although the total photons absorbed by the initial gas mixture are different at the three wavelengths, we can still discuss the product distribution of gas species within the same number of carbon atoms. The peak intensity distribution of C 4 compounds between m/z 50 to m/z = 58 shows a variation in mass spectra obtained at different wavelengths of VUV irradiation (Figure 3) . At Lyman a irradiation, peaks at m/z = 50, 52, 54 are prominent. On the other hand, all peaks at m/z = 50-54 are almost of similar intensity when irradiated by 85 nm and 60 nm VUV lights. These differences clearly indicate that the product distributions and chemistry differ across the VUV irradiation wavelengths.
[12] The evidence of nitrogen fixation is not certain in these mass spectra. The peak at m/z = 27 as a shoulder of the N 2 peak (m/z = 28) could suggest the presence of HCN at 60 nm irradiation. The increase of m/z = 51 and 53 by UV irradiation at 60 nm and 85 nm could be caused by the formation of HC 3 N (cyanoacetylene) and C 2 H 3 CN (acrylonitrile).
VUV Irradiation Wavelength Dependence
[13] In order to investigate the dependence of gas products on VUV irradiation wavelength in detail, the N 2 /CH 4 gas mixture is irradiated with photons in the wavelength range of 50-150 nm with a wavelength step size of 2.5 nm. The photocell with a volume of 2 liters is used in this series of study. The pressure of N 2 /CH 4 (=95/5) gas mixture is kept at 0.066 mbar with a constant flow rate of 0.33 sccm. The VUV irradiation wavelength is set randomly to the desired value to minimize systematic error caused by the drift in VUV beam intensity that probably varied within a factor of 2. The mass spectrum is obtained at each VUV irradiation wavelength. About five to ten mass spectra are averaged to give an error estimation of 2 -7% in intensities. Each mass spectrum at the different VUV irradiation wavelengths is then analyzed to provide the intensity variation of all mass peaks as a function of VUV irradiation wavelength.
[14] Figure 4 shows the intensity variation of selected mass peaks as a function of VUV irradiation wavelength with the possible parent neutral species corresponding to the selected ion peaks. The peak intensities of these products generally increase as the VUV irradiation wavelength decreases. However, the remarkable feature is the sharp increase in peak intensities of benzene (m/z = 78) and toluene (m/z = 91), as well as peaks of m/z = 50 and 66, at the wavelength near $80 nm. Correspondingly, the H 2 production and CH 4 dissociation is clearly observed especially at wavelengths less than 80 nm. These efficient productions of heavy species may correlate with the range of N 2 photoionization.
[15] Furthermore, the other peak intensities at wavelengths less than 80 nm are about ten times larger than those at the wavelength larger than 100 nm. This general increase might be caused by the difference in the absorbed photon energy by the N 2 /CH 4 gas mixture because of the transparency of N 2 longer than 100 nm. Nonetheless, this implies that the photon energy absorbed by N 2 molecules plays a significant role in the formation of heavy hydrocarbons. The onset of production of C 2 -C 4 hydrocarbons is observed around 140 nm irradiation. This can be explained by the variation of the CH 4 cross section (Figure 1 ).
Discussion and Conclusion
[16] We have shown that the formation of heavy organics up to C 7 -C 8 by EUV light irradiation is observed, and the gas products depend on the irradiation wavelength. The efficient formation of heavy hydrocarbons and hydrogen observed at wavelengths less than 80 nm is well correlated to the wavelength region of photoionization of N 2 [Samson et al., 1987] . Therefore, the chemistry induced by photoionization of N 2 may be remarkably different from that initiated by photodissociation of CH 4 at wavelengths longer than 100 nm. Indeed, the N 2 + ion produced by photoionization efficiently leads to the dissociation of CH 4 by dissociative charge transfer reactions, such as
[17] The product ions, such as CH 3 + and CH 2 + , have lesser amount of hydrogen, which may eventually be the source of unsaturated molecules and radicals by subsequent ionmolecule reactions and dissociative recombinations [e.g., Keller et al., 1998 ]. These very reactive species might be the reason for the efficient formation of heavy organic species observed at wavelengths less than 80 nm [e.g., Wilson and Atreya, 2004] . Some fraction of N 2 + may recombine with photoelectrons leading to the significant formation of excited atomic nitrogen [Guberman, 1991] . Although there is no unambiguous evidence of the formation of nitrogenous compounds at this moment, the reaction of generated atomic nitrogen might contribute to nitrogen fixation [e.g., Wilson and Atreya, 2004] .
[18] The photons of wavelength shorter than 99.1 nm can photoionize CH 4 [Samson et al., 1989] . The main ion produced in the VUV photon irradiation between 80 -100 nm is CH 4 + with lesser amount of CH 3 + [Samson et al., 1989] . The produced CH 4 + is then converted to CH 5 + immediately by
[19] Since CH 3 radical is also the major recombination product of CH 5 + [Semaniak et al., 1998 ], the subsequent chemistry is probably dominated by reactions of CH 3 radical. Atomic nitrogen produced by photodissociaiton of N 2 [Zipf and McLaughlin, 1978] might also be involved in the subsequent chemistry. At wavelengths longer than 100 nm, only photodissociation of CH 4 initiates the subsequent chemistry. However, our experimental results suggest that both formation processes of heavy organic molecules at wavelengths longer than 80 nm are not as efficient as those initiated by photoionized N 2 + . This mode change in the subsequent chemistry probably owes to the efficient energy transfer from N 2 + in dissociation of CH 4 (Equation R1) generating more reactive hydrocarbon species than CH 3 radical. Therefore, photoionization of N 2 may play a critical role in the efficient formation of complex organic species.
[20] In the upper atmosphere of Titan, solar EUV radiation and energetic plasma from Saturn's magnetosphere ionizes the neutral molecules, creating an ionosphere at altitudes above about 800 km [e.g., Cravens et al., 2006] . Recent observations by Cassini's INMS indicates the presence of heavy organic species in Titan's ionosphere [Waite et al., 2005; Cravens et al., 2006; Vuitton et al., 2006b] . For example, benzene was detected at 1200 km altitude in the terminator [Waite et al., 2005] , whose presence is also clearly observed in our EUV irradiation experiments below 80 nm. These heavy hydrocarbon species might be generated by the chemistry in Titan's ionosphere initiated by photoionization of N 2 . Because N 2 is a major constituent of Titan's atmosphere, most of the EUV energy is absorbed by N 2 above 1000 km altitude [Wilson and Atreya, 2004] . These highly energetic photons absorbed by N 2 can catalytically dissociate methane via ion-molecule reactions of N 2 + [Keller et al., 1998 ]. Although the total energy of solar EUV less than 80 nm is only about 50% of Lyman a at 121.6 nm [Woods and Rottman, 2002] , the deposited energy density by EUV above 1000 km altitude is comparable to that by Ly a. Furthermore, photoionization of N 2 , a major constituent, may play a role in focusing the absorbed EUV energy towards dissociating CH 4 , a minor constituent of the ionosphere of Titan. This CH 4 dissociation by high energy processes results in very reactive hydrocarbon species, which may be more efficient in the formation of heavy organic species than by CH 4 photodissociation by Ly a. Thus, photoionization of N 2 may play a very active role in formation of heavy organic species in Titan's upper atmosphere by focusing high energy photons into the dissociation of methane.
